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Abstract 
Laser transmission welding is a well-known joining technology for thermoplastics. Because of the needs of lightweight, cost 
effective and green production nowadays injection molded parts usually have to be welded. These parts are made out of semi-
crystalline thermoplastics which are filled to a high amount with glass fibers. This leads to higher absorption and more scattering 
within the upper joining partner and has a negative influence onto the welding process. Here a ray tracing model capable of 
considering every single glass fiber is introduced. Hence spatially not equally distributed glass fibers can be taken into account. 
Therefore the model is able to calculate in detail the welding laser intensity distribution after transmission through the upper 
joining partner. Data gained by numerical simulation is compared to data obtained by laser radiation scattering experiments. Thus 
observed deviation is quantified and discussed. 
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1. Introduction and Motivation 
Due to the needs of lightweight, cost effective and also green production semi-crystalline thermoplastics filled 
with short glass fibers nowadays are used for load-bearing components made out of thermoplastics [Joachimi 2005]. 
Filling degrees of 30 up to 50 percent per weight are today’s common usage e.g. for polyamide 6 (PA 6) [Joachimi 
2005]. The filling leads to better mechanical properties, but also effects laser beam propagation within the laser 
transmission welding process. So it affects the behavior of the welding process. 
Beside well-chosen process parameters for laser transmission welding an upper joining partner is needed, which 
has to be at least fractionally laser transparent (see Fig. 1). During the welding of semi-crystalline thermoplastics the 
laser beam is refracted, reflected, transmitted, absorbed and scattered [Abed et al. 2003, Ilie et al. 2005, Frick 2007, 
Buelow et al. 2009, Roesner et al. 2009, Zak et al. 2010, Devrient et al. 2012]. Glass fibers additionally increase the 
scattering [Devrient et al. 2012]. Therefore the spatially resolved intensity is changed and the laser beam diameter is 
expanded. The laser power useable for the welding process is reduced and the process window becomes narrow. 
Fig. 1. procedural principle of laser transmission welding. 
In addition to the morphology, the fiber distribution and orientation, due to injection molding, influences the 
index of refraction, the reflectance and transmittance, the coefficient of absorption and scattering and the g-factor of 
the material. [Ackermann 2007, Luetzler 2005, Haberstroh et al. 2007, Ackermann et al. 2009, Ackermann 2010, 
Devrient et al. 2012]. Therefore along the contour of a single welding process on one side, or from one part to the 
other due to varying conditions within the injection molding process, varying morphology, fiber distribution or 
orientation may lead to varying optical properties of the parts to be welded on the other side. The consequences are a 
less robust welding process and greater importance of a proper process design taking varying boundary conditions 
into account. Therefore an experimental method for the characterization of the scattering behavior of semi-
crystalline thermoplastics filled with short glass fibers such as glass fiber reinforced Polyamide 6 (PA6 GF 30) has 
already been introduced by Devrient et al. 2012. As shown, the method is useful for the investigation of light 
propagation within glass fiber filled thermoplastics. Using the method, the intensity occurring within different z-
levels can be visualized [Devrient et al. 2012]. 
These results of the experimental method are simulated with glass fiber filled plastic. Therefore we want to 
propose a new simulation model. For simulation of light propagation inside plastics many methods are used. A 
considerable amount of work is done with Monte-Carlo-Simulations (MCS). Moffit et al. e.g. investigate scattering 
effects within Polyurethane or epoxy phantoms with TiO2 as scatterers using MCS to mimic biological tissue 
[Moffit et al. 2006]. Simulations are also carried out using a combination of Mie theory and Monte-Carlo-
Simulation [Ilie et al. 2005] to consider specific scatterer sizes and shapes. In general, MCS with standard phase 
functions is mainly used for biomedical applications. For small source detector distances the correct phase function 
influences the intensity or the measured reflectance and transmission [Mourant et al. 1996, Sharma et al. 2003]. 
Nevertheless other media such as human blood cannot be described well with the Mie theory or using the Heyney-
Greenstein phase function [Friebel et al. 2006]. But it can be described with more advanced phase functions such as 
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the Reynold-McCornick phase function [Friebel et al. 2006]. However, these approaches lack the ability to simulate 
highly non-spherical objects, where the scattering direction (phase function) is a function of the incidence direction 
of the beam to the object. 
Because the glass fibers inside short glass fiber filled thermoplastics are cylindrical or in a first approximation 
ellipsoidally shaped and show high length to diameter ratios [Kastner 2007] conventional MCS is not capable of 
considering refraction, reflection, transmission, absorption and scattering within such material. To overcome this we 
introduce a modified MCS with no random scattering and simulation of each single fiber separately. Therefore the 
simulation can be considered to follow the ray-tracing approach and the model can be regarded as capable of 
simulating light propagation within short glass fiber filled thermoplastics considering the individual effect of each 
glass fiber. The smallest diameter of fibers found by Kastner is more than 10 μm. Wavelengths used for laser 
transmission welding are normally higher than 800 and lower than 1,200 nm. Due to that the fibers are around ten 
times bigger than the wavelengths of lasers used for conventional laser transmission welding. Hence the ray optical 
approach is valid. 
The goal of this contribution is to compare intensity distributions simulated within short glass fiber filled 
thermoplastic samples to such distributions obtained by laser radiation scattering experiments and therefore to learn 
more about the light propagation within such materials, which is a relevant aspect of the laser transmission welding 
processes [Haensch 2001]. 
2. Experimental Work 
2.1. Three Layer Model 
As it can be seen in Fig. 2, within injection molded PA6- and PA6 GF30-samples characteristic structures can be 
observed. The observed structures are formed while injection molding. They are present because the molecules 
respectively the fibers at the edges of the cavity are oriented in flow direction (here from left to right) due to fluid 
dynamic forces within the moving melt, whereas the fibers in the center of the cavity are lying within the flow plane 
(here normal to the marked orientation of the coordinate z) and therefore are not subject to compulsory orientation 
or are oriented in the transverse direction due to transverse and extensional flows [Hegler 1984]. Simple conceptual 
models, such as the three-layer-model, describe these structures based on three layers (see Fig. 2, left, 1, 2, 1'). In 
literature, five-, seven- and multi-layer structures are also described [Johannaber et al. 2004, Stitz et al. 2004]. In the 
five-layer models in addition to the three-layer model thin wall adhesion zones (see Fig. 2 right, 1.1, 1.1') with 
statistical fiber orientation are described [Johannaber et al. 2004]. According to Johannaber et al. 2004 these layers 
jointly take about 5 % of the wall thickness only [Johannaber et al. 2004]. In seven layer models thinner further wall 
adhesion zones are described [Stitz et al. 2004]. Regarding Fig. 2 it can be assumed that the observed glass fiber 
orientation and glass fiber distribution within in particular relevant glass fiber reinforced samples (see Fig. 2 left) are 
well described by the three-layer models. For non-reinforced counterparts (see Fig. 2 right) five- or seven-layer 
models may be more suitable. 
 
Fig. 2. Thin cuts of injection molded PA6- and PA6 GF30-samples; in reference to Devrient et al. 2012 here thin cuts which are extracted near 
the center of the injection molded samples are shown. 
2.2. Experimental determination of the optical properties of PA6- and PA6 GF30-samples 
As mentioned, for laser transmission welding the amount of reflectance, transmission, absorption and scattering 
are relevant, at least if a detailed description and simulation of the light propagation within the upper joining partner 
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is intended [Haensch 2001, Michel et al. 2007]. Therefore the amount of reflectance (diffuse) and transmission 
(diffuse and total) of injection molded PA6- and PA6 GF30-samples is measured with a spectrometer (UV-3600 
Shimadzu Europa GmbH, Duisburg) in a wavelength range between 800 and 1.200 nm. Afterwards according to 
Prahl 1988 the absorption and scattering coefficient and the g-factor are calculated with Inverse Adding Doubling 
(IAD) for the mentioned wavelength range [Prahl 1988]. Table 1 (see appendix) summarizes the relevant data for a 
wavelength of 940 nm. In parallel, laser radiation scattering experiments according to Haensch 2001, von Busse 
2005 and Devrient et al. 2012 are carried out to acquire more knowledge about the laser caustics, which would occur 
within different z-levels of upper joining partners based on experimental work. Here images of the laser intensity 
shown by gray values collected along a coordinate in direction of the laser beam radius acquired at the two z-levels 
z1 and z2 (see Fig. 3 and 4) are used to document the experimental results as well as to compare experimental and 
simulative gained data for the purpose of verification of the ray tracing model (see 2.3 and 3). Due to the increasing 
laser beam radius the plotted grey values or rather the local intensity is decreasing for increasing z-values, while the 
integral which is equal to the transmitted laser power should stay constant. 
 
 
Fig. 3. Grey value distributions acquired at z1 and z2 for PA6 GF30-samples extracted from area 2 (see Fig. 2) along z-coordinate in direction of 
the laser beam radius relative to curves representing the not affected laser beam at z1 and z2. 
Regarding Fig. 4 it becomes obvious, that PA GF30-samples being extracted out of area 1 rather 1’ (see Fig. 2) 
lead to more scattering and greater losses regarding the plotted grey values rather the intensity distribution for z1 and 
z2 compared to samples being extracted out of area 2 (see Fig. 2). 
 
 
Fig. 4. Grey value distributions acquired at z1 (left) and z2 (right) for PA6 GF30-samples extracted from area 1 rather 1’ and 2 along s-coordinate 
in direction of the laser beam radius relative to curves representing the not effected laser beam at z1 and z2. 
3. Simulative Work 
3.1. Simulation model 
The simulation is a modified variable step size MCS with no internal scattering. Hence it becomes a ray tracing 
simulation. The distribution of the fibers is based on the three-layer model (see 2.1). Therefore the fibers are only 
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orientated in two directions inside the simulation volume (x- or y-direction) while the laser beam axis is orientated 
perpendicular to them (z-direction). For a first proof of concept the simulation volume is divided into small cuboids, 
where in average in the center of every cuboid there is one fiber with Gaussian probability distribution and a 
maximal deviation of 270 μm in direction of all three Cartesian coordinates. 
The mean of the variation is zero. The value of 270 μm is set to allow overlap and clustering of fibers but does 
not let it happen too often. According to Kastner et al. 2007 and own experimental work the length and the diameter 
of the fibers are set in average to 350 μm and 13.5 μm. Both the thickness and the diameter are varied according to 
observed distributions. The standard deviation of the length and diameter are set to 140 μm and 2 μm respectively. 
Both random number distributions are set to Gaussian, because Kastner et al. found nearly Gaussian distribution and 
the values correspond well to their observations. (see Fig. 4). 
Fig. 5. Distribution of fiber lengths in simulation volume. 
The refractive index of the matrix is set to 1.4, the refractive index of the glass fibers to 1.6. The glass fibers fill 
20.52 % of the volume corresponding to around 40 % mass per cent. The shapes of the glass fibers are spheroids. 
The size of the simulation volume is 3.0∙3.0∙0.5 mm3. This leads to 18,432 fibers inside the simulation volume. 
Symmetries were not used because it is not sure if symmetries exist. Larger volumes would increase the required 
amount of glass fibers and would result in longer computation times. Therefore this small simulation volume is 
used. The laser beam with a diameter of 0.8 mm falls perpendicularly onto the center of the simulation volume. The 
beam diameter in the experiment was 3.7 mm. As it is shown later the results are still comparable. However due to 
the limitations of the simulation volume it had to be reduced. A simulation with the real size would take a hundred 
times longer simulation time. The simulated laser beam has a flattop profile similar to the intensity distribution 
observed for the not sample affected laser beam within the corresponding experiments (see 2.2). The incident angle 
of the rays was simulated with a small variation. The angle varies between 0 and π/20 (9°) towards the surface-
normal to describe a dispersing beam. The transmitted intensity is measured 5 mm behind the surface of the sample 
without any optical elements between the surface and the detector. The detector size is 6.0∙6.0∙ mm2. The cover glass 
of the CMOS from the experiment was not taken into consideration, because the expected effect on the result is 
assumed to be negligible. The camera in the experimental part as well as the detectors in the simulation show linear 
response. 
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Fig. 6. Effect of the transmitted beam through a scattering media with two beams with a beam diameter, which are different by a factor of four. If 
the smaller beam is stretched, the behavior at the flank is identical, while only the plateau region differs. 
During the comparison of experimental and simulative results the beam diameter has to be increased by a factor 
of 4.75 (same change as for the input beam) in comparison to the experimental measurements to compensate the 
lower beam diameter used during simulations. It is believed that this approach has a low impact on the results, 
because the beam diameter is much bigger than the diameter of the fibers. Moreover scattering only takes place at 
the fiber itself and not the surrounding area (local effect). To prove this, a classical MCS is done. Fig. 6 shows two 
MCS with the same media (μa = 0.16 mm-1 μs = 1.46 mm-1 and g = 0.916). We simulate the propagation with a beam 
diameter of 0.8 mm in a simulation volume of 3.0∙3.0∙0.5 mm3 and with a beam diameter of 3.2 mm with a 
simulation volume of 12.0∙12.0∙0.5 mm3. The beam diameter of the 0.8 mm beam is increased by a factor of four to 
show that the approach of minimizing the beam size for the simulation is valid (Fig. 6). For the flank region of the 
beam the behavior is found to be almost identical. It is only in the plateau region were a difference can be observed. 
This behavior can be explained due to the convolution of areas with higher intensity, which is more dominant in the 
wider beam. Thus the scattering is expected to be four times spread more widely. Hence after multiplication by the 
relative difference of the beam diameter the flanks of the profiles are nearly identical. In summary only the flank 
part can be compared with the experimental data. Moreover the experimental data is sampled down to the same 
resolution as the simulation results to make calculation of an error possible. The rest (plateau region) of the 
simulated intensity can be compared to MCS (model 1). Therefore, a comparison of MCS with μa = 0.10 mm-1 
μs = 1.45 mm-1 and g = 0.828 (PA6 GF30, see Table 1) is carried out. The other parameters are the same as in the 
ray tracing simulation. Moreover one MCS with and without scattering of a thermoplastic matrix without glass 
fibers is done. The obtained difference is added to the detector signal to account for this additional internal 
scattering (model 3), which is neglected by the ray tracing simulation (model 2). This step has to be carried out, 
because combined simulation of both would increase the simulation time considerably. Hence only low scattering 
glass-fiber filled thermoplastics can be simulated.  
 
Fig. 7. Three simulation models The first model is classical MCS. The second one is ray tracing with single simulated fibers and the third model 
is the MCS for the matrix without fibers and ray tracing. The results are added up and normalized. The ray tracing model has three layers shown 
at the sides of the cubes. All for the MCS used optical properties are summarized in table 2. 
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In summary, three models are compared with the experimental results (Fig. 7). First, a classical MCS is run 
(model 1). Second, the ray tracing model is applied and additional scattering by the matrix is neglected (model 2). 
Third, ray tracing with additional scattering in a separate MCS with optical properties of a thermoplastic matrix 
without fibers is run (model 3). The results of the detector from both simulations of model 3 are normalized, added 
up and normalized again. The used properties for the MCS are based on the optical properties found for PA 6-
samples: μa = 0.16 mm-1, μs = 0.46 mm-1 and g = 0.916. All used optical properties are summarized in table 2. To 
compare the results the relative difference is calculated by dividing simulation results by the experimental results. It 
is calculated after down sampling the experimental data. Every simulated point is divided by the according 
experimental value. Then the mean is calculated. 
 
3.2. Simulative results 
The intensity of the simulation with fibers (Fig. 8) shows a nearly constant behavior in the beam with variations 
caused by the glass fibers. The beam width increased slightly, but the scattering outside the beam is comparable to 
classical MCS. 
Fig. 8. Distribution of simulated (blue, black) and measured and edited (green) intensity distribution 5 mm behind a 500 μm thick PA6 GF30-
sample extracted from layer. The beam diameter of the experimental data is manually decreased by a factor of 4.75 and down sampled. 2. A 
Monte-Carlo-Simulation (red) for comparison Moreover the results of the ray tracing simulation are shown for the high and the low scattering 
direction.   
 
Fig. 9 shows the simulated and the measured normalized intensity distribution. All three simulating approaches 
are compared. The classical MCS (model 1) as well as the ray tracing approach (model 2) show a similar behavior. 
Both take the internal scattering within the thermoplastics into account. Table 3 shows the mean relative difference 
between simulation approaches. Model 3 in general increases the difference. The ray tracing simulation (model 2) 
seems to be closer towards the measured data than the MCS (model 1) Furthermore, if additional scattering effects 
caused by the matrix material are taken into account separately (model 3), the result is nearly unchanged. Classical 
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MCS overestimates the scattering of the transmitted beam. While model 2 and 3 over- and underestimate the 
scattering of the transmitted beam dependent on the high respectively low scattering direction of the transmission 
(see Fig. 8 and 9). The realistic values are in between both (Fig. 8) for the left side and within the low scattering 
direction on the right side (Fig. 8). 
Fig. 9. Simulated normalized intensity (transmission) of the fiber based ray tracing approach (left) and comparison with MCS (right). 
 
In this first investigation fibers were only arranged in two directions, where one third of the fibers is orientated in 
one and two thirds is oriented perpendicularly in the other direction in the x-y-plane. This leads to a cut in the 
rotational symmetry, being expected from MCS. With more random fiber orientation it is expected that this effect 
declines. The predominant scattering in one direction is already caused by the first layer of fibers, introducing a 
predominant scattering direction. Fig. 10 shows the intensity at the surface and at 160 μm, 330 μm and 500 μm 
depth simulated using the ray-tracing approach (model 2). Each of the pixels represents a cube with a length of 
10 μm. Even if the g-factor in the MCS is 0.916, there is still back scattering existent. The back scattering can be 
seen in Fig. 10 mainly at 0 μm. Due to the fact that the back reflected light can travel up to the double thickness of 
the simulation volume (2∙500 μm) the scattered light is widely distributed at 0 μm. Further, two dominant scattering 
directions can be seen. Scattering in y-direction is mainly caused in the middle of the simulated thermoplastics 
volume. It can be seen by the nearly equal amount of scattered light in y and x-direction 330 μm (scattering of light 
in forward direction). Scattering in x-direction is mainly caused in top and bottom layers (see 0 μm and 500 μm). 
The local inhomogeneities inside the beam are caused by fibers. 
Fig. 10. Intensity (model 2) inside the thermoplastic in 0 to 500 μm depth, the upper plots are linear and the lower ones logarithmic. 
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4. Conclusion 
The results from the ray tracing simulation (model 2 and 3) seem to agree with experiments and Monte-Carlo-
Simulations (model 1). Nevertheless the usage of the three layer model does not describe completely the 
experimental measurements. However it approximates the experiments well with an error of less than 30 %. The 
mean of all relative differences is even closer than 10 % due to overestimating scattering in the high scattering 
direction and underestimating it in the low scattering direction. In future work we will account for this by using 
more arbitrarily orientated fibers. Moreover the simulation speed has to be increased. It should allow describing 
bigger plastic volumes, which are closer to applicational needs of bigger samples. This includes primarily the 
simulation of the transmission through a 2 mm thick thermoplastic and later the same with bigger beam diameter. 
Taking all this into account, the presented work can be the foundation for improved simulations of laser 
transmission welding of glass fiber filled thermoplastics.  
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Appendix A. 
Table 1. Optical properties of characterized PA6- and PA6 GF30-samples. 
Material Area of 
sample 
extraction 
(see Fig. 2) 
Grade of 
reflectance 
(diffuse) 
@ 940 nm, 
d Ĭ 500 μm 
Grade of 
transmission 
(diffuse) 
@ 940 nm, 
d Ĭ 500 μm 
Grade of 
transmission 
(total) 
@ 940 nm, 
d Ĭ 500 μm 
Coefficient of 
absorption 
@ 940 nm, 
d Ĭ 500 μm 
Coefficient of 
scattering 
@ 940 nm, 
d Ĭ 500 μm 
g-factor 
@ 940 nm, 
d Ĭ 500 μm 
  in % in % in % in mm-1 in mm-1  
PA6 1 rather 1’ 10.06±2.97 64.40 ±2.30 79.45±1.09 0.157±0.016 0.125±0.006 0.963±0.015 
PA6 GF30 1 rather 1’ 19.79±1.27 56.51±7.05 62.22±2.13 0.213±0.018 1.043±0.021 0.857±0.022 
PA6 2 10.81±0.94 65.57±3.52 78.50±2.61 0.166±0.011 0.461±0.018 0.916±0.039 
PA6 GF30 2 26.79±2.85 53.66±2.60 55.15±4.35 0.102±0.016 1.450±0.011 0.828±0.012 
Table 2. Optical properties assumed for model 1 (MCS), model 3(ray tracing with additional scattering) and simulation for testing the 
effect of the width of the incident laser beam (Fig. 6). 
Material Assumed area 
of sample 
extraction 
Coefficient of 
absorption 
Coefficient of 
scattering 
g-factor 
  in mm-1 in mm-1  
PA6 (model 3, for scattering of the matric)  2 0.16 0.46 0.91 
PA6 GF 30 (model 1, MCS) 2 0.11 1.46 0.83 
Test for beam widening for data analysis  0.16 1.46 0.91 
 
Table 3. Relative difference of all three models on both sides. The right column shows the overall relative difference of all data points 
created with the model. 
Model Relative difference 
left side 
Relative difference 
right side 
Relative difference 
of all points of the 
model 
MCS (model 1) 1.35 1.43 Model 1: 1.39 
Ray tracing high scattering direction (model 2) 1.38 1.36  
Ray tracing low scattering direction (model 2) 0.36 0.91 Model 2: 1.01 
Ray tracing high scattering direction with additional 
scattering (model 3) 1.60 1.34 
 
Ray tracing low scattering direction with additional 
scattering (model 3) 0.38 0.90 
 
Model 3: 1.06 
 
